Screening criteria are useful for cursory examination of many candidate reservoirs before expensive reservoir descriptions and economic evaluations are done. We have used our C02 screening criteria to estimate the total quantity of C02 that might be needed for the oil reservoirs of the world. If only depth and oil gravity are considered, it appears that about 80% of the world's reservoirs could qualify for some type of C02 injection.
totals3 The basis for the assumed incremental oil recovery percentage and C02 utilization factors and other details are given in Ref.
3.
Economics was not a part of this initial hypothetical estimate. Although pure C02 can be obtained from power-plant flue gases (which contain only 9 to 12% COz), the costs of separation and compression are much higher than the cost of C02 in the Permian Basin of the U.S.3-5 For this study, we assumed that pure, supercritical C02 was available (presumably by pipeline from power plants) for each of the fields and/or regions of the world. Table 8 shows that about 67 billion tons of C02 would be required to produce 206 billion bbl of additional oil. The country-by-country results and other details (including separate sections on the costs of C02 flooding) are given in Ref. 3. Although not much better than an educated guess with many qualifying numbers, our estimate agrees well with other estimates of the quantity of C02 that could be stored (or disposed of) in oil reservoir^.^ Although this is a very large amount of C02, when the C02 demand is spread over the several decades that would be required for the hypothetical C02 flooding projects, it would reduce worldwide power-plant C02 emissions into the atmosphere by only a few percent per year.
Therefore, more open-ended COz disposal methods (such as the more-costly deep-ocean disposal) will probably be needed if the complex general circulation models of the atmosphere ever prove conclusively that global warming from excess C02 is under way>,7 However, from the viewpoint of overall net cost, one of the most efficient C02 disposaYstorage systems would be the combined injection of C02 into oil reservoirs and into any aquifers in the same or nearby By including aquifers, this potential for underground C02 storage would be increased significantly, and the quantity sequestered could have a significant impact on reducing the atmospheric C02 emissions from the world's power plants.
Impact of Oil Prices on EOR
Major new EOR projects will be started only if they appear profitable. This depends on the perception of future oil price. Therefore, the relationship between future oil prices and EOR was a major thrust of the two NPC report^.^.'^ These extensive studies used as much laboratory and field information as possible to predict the EOR production in the future for different ranges of oil prices. Now, it is possible to compare the NPC predictions with actual oil production to date. These comparisons were made recently to see how oil prices might affect oil recovery from future COz projects? We have extended these graphical comparisons and reproduced them here as Figs. 1 through 3. In general, the figures confirm that EOR production increases when prices increase and EOR production declines when prices fall, but not to the extent predicted. There is a time lag before the effect is noted. Figs. 1 and 2 show that total EOR production did increase in the early 1980's when oil prices were high. This was in response to an increase in the number of projects during this period when prices of up to U.S. $50ibbl or more were predicted. Although the rate of increase slowed in 1986 when oil prices dropped precipitously, EOR production did not decline until 1994, after several years of low oil prices (i.e., less than U.S. $20/bb1).l1
The 1984 predictions were made while oil prices were high ( = U S . $30/bbl), but they were not nearly as optimistic as those made in 1976 when oil prices were lower. However, the 1984 predictions benefited from experience gained from the field projects conducted in the interim. The only price common to both NPC reports is U. Vitrogen and flue gas are oil recovery methods that use these inexpensive nonhydrocarbon gases to displace oil in systems that may be either miscible )r immiscible depending on the pressure and oil composition (see 
>6,000
10,000 to 18,500 Not critical for screening purposes, even though the deep reservoirs required to accommodate the high pressure will have high temperatures.
Limitations
Developed miscibility can only be achieved with light oils and at very high pressures; therefore, deep reservoirs are needed. A steeply dipping reservoir is desired to permit gravity stabilization of the displacement, which has an unfavorable mobility ratio. For miscible or immiscible enhanced gravity drainage, a dipping reservoir may be crucial to the success of the project. Problems Viscous fingering results in poor vertical and horizontal sweep efficiency. The nonhydrocarbon gases must be separated from the saleable produced gas. Injection of flue gas has caused corrosion problems in the past. At present, nitrogen is being injected into large successful projects that formerly used flue gas.
TABLE 2-HYDROCARBON-MISCIBLE FLOODING
)escription lydrocarbon-miscible flooding consists of injecting light hydrocarbons through the reservoir to form a miscible flood. Three different methods have leen used. The first-contact miscible method uses about 5% PVslugof liquefied petroleum gas (LPG), such as propane, followed by natural gas or gas ind water. Asecond method, called enriched (condensing) gasdrive, consistsof injecting a 10 to20% PVslug of natural gas that is enriched withethane irough hexane (Cpthrough c6), followed by lean gas (dry, mostlymethane) andpossiblywater.Theenrichingcomponents are transferred from the gas 3 the oil. The third and most common method, called high-pressure (vaporizing) gasdrive, consists of injecting lean gas at high pressure to vaporize C2 irough c6 components from the crude oil being displaced. A combination of condensinglvaporizing mechanisms also occurs at many reservoir condions, even though we usually think that one process is dominant. Immiscible criteria are given in Table 3 of Ref 1. Aechanisms iydrocarbon miscible flooding recovers crude oil by (1 ) generating miscibility (in the condensing and vaporizing gasdrive); (2) increasing the oil volume swelling); (3) decreasing the oil viscosity; and (4) immiscible gas displacement, especially enhanced gravity drainage with the right reservoir condiions. Temperature can have a significant effect on the minimum miscibility pressure (MMP); it normally raises the pressure required. However, this is accounted for in the deeper reservoirs that are needed to contain the high pressures for the lean gasdrives.
Technical Screening Guides

Limitations
The minimum deoth is set bv the Dressure needed to maintain the generated miscibility. The required pressure ranges from about 1,200 psi forthe LPG process to4,000to 5,000 ph for the high-pressure gasdrive, depending on the oil. A steeply dipping formation is very desirable to permit some gravity stabilization of the displacement, which normally has an unfavorable mobility ratio. 
Description
Cop flooding is carried out by injecting large quantities of COP (30% or more of the hydrocarbon PV into the reservoir. Although COP is not first-contact miscible with the crude oil, the C02 extracts the light-to-intermediate components from the oil and, dthe pressure is high enough, develops miscibility to displace the crude oil from the reservoir (MMP). Immiscible displacements are less effective, but they recover oil better than waterflooding (see below and Fails miscible, screen for immiscible*
1,800 4 3
All oil reservoirs fail at any depth At 4,800 ft, all reservoirs fail screening criteria for either miscible or immiscible flooding with supercritical COP, Limitations A good source of low-cost C02 is required. Problems Corrosion can cause problems, especially if there is early breakthrough of CO2 in producing wells. ' All reservoirs with oils with gravities greaterthan 22"API can qualify for some immiscible displacement at pressures less than the MMP. In general, the reduced oil recovely will be proportional to the difference between the MMP and flooding pressure achieved. Fhese arbitrary criteria have been selected to provide a safety margin of approximately 500 feet above typical reservoir fracture depth for the required miscibility (MMP) pressures, and about 300 psi above the C02 critical pressure forthe immiscible floods at the shallow depths. Reservoir tempemture is included and assumed from depth. See 
Description
Classic micellar/polymer flooding consists of injecting a slug that contains water, surfactant, polymer, electrolyte (salt), sometimes a cosolvent (alcohol), and possibly a hydrocarbon (oil). The size of the slug is often 5 to 15% PV for a high-surfactant-concentration system and 15 to 50% PV for low concentrations. The surfactant slug is followed by polymer-thickened water. The polymer concentration often ranges from 500 to 2,000 mg/L, and the volume of polymer solution injected may be 50% PV or more. ASP flooding is similar except that much of the surfactant is replaced by low-cost alkali so the slugs can be much larger but overall cost is lower and polymer is usually incorporated in the larger, dilute slug. For alkaline flooding much of the injection water was treated with low concentrations of the alkaline agent and the surfactants were generated in situ by interaction with oil and rock. At this time (May 1997) we are not aware of any active alkalionly floods. Mechanisms All surfactant and alkaline flooding methods recover oil by (1) lowering the interfacial tension between oil and,water; (2) solubilization of oil in some micellar systems; (3) emulsification of oil and water, especially in the alkaline methods; (4) wettability alteration (in the alkaline methods); and (5) mobility enhancement.
Technical Screening Guides The objective of polymer flooding is to provide better displacement and volumetric sweep efficiencies during a waterflood. In polymer flooding, certain high-molecular-weight polymers (typically polyacrylamide or xanthan) are dissolved in the injection water to decrease water mobility. Polymer concentrations from 250 to 2,000 mg/L are used; properly sized treatments may require 25 to 60% reservoir PV.
Mechanisms
Polymers improve recovery by (1) increasing the viscosity of water; (2) 'These screening guides are vely broad. When identifying polymer-flood candidates, we recommend the reservoir characteristics and polymer-flood features be close to those of the four successful projects at the bottom of table. '*In reselvoirs where the rock permeability is less than 50 md, the polymer may sweep only fractures effectively unless the polymer molecular weight is sufficiently low. "'IOR over primaly production for this case only. For the others, IOR is incremental over watelflooding. Because oil prices were at or below U.S. $20/bbl for much of the period since 1986, the NPC predictions have merit. The impact of the lower oil prices since 1986 was finally felt in 1994 when EOR production (except for C02 flooding) dropped for the first time owing to fewer projects. The number of EOR projects has been declining steadily since 1986, the year that oil prices fell. However, Table  9 shows that the profits from EOR projects did not decline during the recent years of low oil prices. For most EOR methods, Table 9 shows that there was an increase in the percentage of projects that were profitable, presumably because the less-efficient projects were discontinued. Also note on Figs. 1 and 2 that the EOR production rate started to increase again in 1996.12
The optimism that came from the much higher oil prices in the late 1970's and early 1980's was probably very fortunate for the CO2 flooding industry in the U.S. During this period, the large natural CO2 sources were developed and pipelines were built. The inexpensive, supercritical CO2 has been flowing into the Permian Basin ever since. The pipelines are being extended, and more projects are being started as C02 flooding efficiencies continue to i n~r e a s e . '~,~~ Fig. 3 shows that (after the long "incubation" period) C02 flooding has now exceeded the NPC prediction for oil prices of U.S. $20/bbl. This is in spite of the fact that oil prices were near or less than U S . $20/bbl for much of the time since 1986.
Future Technical and Economic Improvements Expected
Even with the low oil prices, there are many technological advances that should continue to improve the outlook for EOR and IOR.
These include (1) three-dimensional seismic-to determine where the target oil is located, in old as well as new fields; (2) use of horizontal injection as well as production wells15; (3) cheaper horizontal injection wells with multilaterals, short radius, and those used in lieu of more costly infill drilling; (4) more efficient reservoir simulation methods; and (5) foam for mobility control, especially in C02 flooding. These and other technological advances are expected to improve the process efficiency and cost effectiveness of EOR methods in the future.
Conclusions
1. The CO2 screening criteria were used to estimate the capacity of the world's oil reservoirs for the storage/disposal of CO2. If only depth and oil gravity are considered, it appears that about 80% of the world's reservoirs could qualify for some type of CO2 injection to produce incremental oil.
2. The impact of oil prices on EOR production in the U.S. was considered by comparing the recent EOR production to that predicted by the NPC reports for various oil prices. Although lower oil prices since 1986 have reduced the number of EOR projects, the actual incremental production has been very close to that predicted for U.S. $20/bbl in the 1984 NPC report. Incremental oil production from CO2 flooding has increased continuously and now exceeds the predictions for U.S. $20 oil in the NPC report. (COFCAW) . A second technique is reverse combustion in which a fire is started in a well that will eventually become a producing well, and air injection is then switched to adjacent wells; however, no successful field trials have been completed for reverse combustion. Mechanisms In-situ combustion recovers crude oil by (1) the application of heat which is transferred downstream by conduction and convection, thus lowering the viscosityof the oil; (2) the productsof steam distillation and thermal cracking that are carried forward to mixwith and upgrade the crude; (3) burning coke that is produced from the heavy ends of the oil; and (4) the pressure supplied to the reservoir by injected air Limitations If sufficient coke is not deposited from the oil being burned, the combustion process will not be sustained; this prevents the application for high-gravity paraffinicoils. If excessive coke is deposited, the rate of advance of the combustion zone will be slow and the quantity of air required to sustain combustion will be high. Oil saturation and porosity must be high to minimize heat loss to rock. Process tends to sweep through upper part of reservoir so that sweep efficiency is poor in thick formations. Problems Adverse mobility ratio. Early breakthrough of the combustion front (and, 02-containing gas mixtures). Complex process that requires large capital investment and is diff icult to control. Produced flue gases can present environmental problems. Operational problems, such as severe corrosion caused by low-pH hot water, serious oiMwater emulsions, increased sand production, deposition of carbon or wax, and pipe failures in the producing wells as a result of the very high temperatures. Sand or sandstone with high porosity and permeability preferred
TABLE &IN-SITU COMBUSTION
Description In-situ combustion or fireflooding involves starting a fire in the reservoir and injecting air to sustain the burning of some of the crude oil. The most common technique is forwardcombustion in which the reservoir is ignited in an injectionwell, andairisinjectedtopropagatethecombustionfrontawayfrom the well. One of the variations of this technique is a combination of forward combustion and waterflooding
Limitations
Oil saturations must be quite high, and the pay zone should be more than 20 ft thick to minimize heat losses to adjacent formations. Lighter, less-viscous srude oils can be steamflooded but normally will not be if the reservoir responds to an ordinary waterflood. Steamfloodin is primarily applicable to viscous oils in massive, high-permeability sandstones or unconsolidated sands. Because of excess heat losses in the well%ore, steamflooded reservoirs should be as shallow as possible as long as pressure for sufficient injection rates can be maintained. Steamflooding is not normally used incarbonate reservoirs. Because about one-third of the additional oil recovered is consumed to generate the required steam, the cost per incremental barrel of oil IS high. A low percentage of water-sensitive clays is desired for good injectivity.
~~ 
